Purpose To investigate the optimal magnetic resonance (MR) imaging protocol in pregnant women suspected of having acute appendicitis. Materials and methods One hundred and forty-six pregnant women with suspected appendicitis were included. MR images were reviewed by two radiologists in three separate sessions. In session 1, only axial single-shot turbo spin echo (SSH-TSE) T2-weighted images (WI) were included with other routine sequences. In sessions 2 and 3, coronal and sagittal T2WI were sequentially added. The visibility of the appendix and diagnostic confidence of appendicitis were evaluated in each session using a 5-point grading scale. If diseases other than appendicitis were suspected, specific diagnosis with a 5-point confidence scale was recorded. Diagnostic performance for appendicitis and other diseases were evaluated. Results Twenty-five patients (17.1%) were diagnosed with appendicitis. Among the patients with normal appendix, 28 were diagnosed with other disease. Diagnostic performance including sensitivity, specificity, positive predictive value (PPV), negative predictive value (NPV), and area under the curve values for diagnosing appendicitis and other diseases showed no significant difference among sets for both reviewers (p>0.05). Conclusion Diagnostic performance of MR in pregnant patients with suspected appendicitis can be preserved with omission of sagittal or both coronal and sagittal SSH-T2WI. Key points • Diagnostic performance of appendicitis is preserved with omission of sagittal/coronal T2WIs.
Introduction
Abdominal pain due to obstetric or non-obstetric causes is a common presenting symptom of the pregnant population. Non-obstetric causes of abdominal pain range from selflimiting diseases, such as mild enteritis, to devastating conditions that need prompt surgical intervention, such as perforated appendicitis. It is crucial to make a rapid and accurate diagnosis since some of these conditions can lead to an increase in maternal and fetal morbidity and even mortality if diagnosis is delayed [1, 2] . According to the recent appropriateness criteria published by the American College of Radiology (ACR) [3] , ultrasound (US) exam of the abdomen is recommended as the first-line imaging modality in suspected appendicitis in pregnancy. However, due to the superiorly displaced pelvic structures by the gravid uterus especially in late pregnancy, the appendix is often not visualised, and thus US evaluation of suspected appendicitis in pregnancy has limited diagnostic accuracy [4, 5] .
Although computed tomography (CT) has been widely used for evaluation of acute abdominal pain in the general population due to its excellent spatial resolution and capability of tri-planar imaging, its use is limited in the pregnant population because of the potential teratogenic and carcinogenic effects to the foetus caused by ionising radiation [6] . Magnetic resonance (MR) imaging has recently become the preferred modality for evaluating the pregnant population in this setting due to its lack of ionising radiation compared to CT, and its use is now fairly widespread [7] [8] [9] [10] . The 2013 ACR guidance document of MR safety [11] states that no specific consideration is recommended for the use of MR in all trimesters of pregnancy as long as contrast agent is not used. Thus, MR is increasingly becoming available and is now widely used to evaluate non-obstetric causes of abdominal pain in the pregnant population. Moreover, in a recent study conducted in a subgroup of the general population, non-enhanced MR imaging showed high sensitivity and specificity in evaluating right lower quadrant (RLQ) pain in patients aged less than 50 years [12] .
Although there is no definite evidence that MR is harmful to the human fetus [13, 14] , possible hazard to the fetus caused by the heating effect of radiofrequency pulses during MR, especially with long scanning time, cannot be ruled out [15, 16] . Also, teratogenic effects on the fetus caused by radiofrequency pulses have been reported in animal studies [17] . Thus, FDA guidance for industry still states that Bthe safety of magnetic resonance examination has not been completely established for embryos and fetuses^ [18] . In addition to this uncertainty, pregnant women, especially those in their third trimester, frequently experience breathlessness during MR scans due to pressure on the lungs or compression of the vena cava by the gravid uterus, which results in decreased image quality especially when the scanning time is elongated [19] . Therefore, it would be ideal to minimise the examination time or MR sequence for the pregnant population without deterioration in diagnostic performance.
As a result of thicker slices and thus decreased interplanar resolution of MR compared with CT, recent studies have typically included tri-planar T2 weighted images (WI) in the routine MR protocol for pregnant patients to extract maximal spatial information [9, 10, 20] . Considering these issues, it is reasonable to minimise the sequence if the diagnostic performance is not affected. Therefore, the purpose of this study was to examine the necessity of the routinely obtained tri-planar SSH-TSE T2WIs when evaluating abdominal pain in the pregnant population.
Materials and methods

Subjects
This retrospective study was approved by the institutional review board of our institute, and the need for informed consent was waived. From May 2008 to September 2015, 155 consecutive pregnant patients (mean age, 30.6±3.4 years; range, 19-39 years) with suspected appendicitis who underwent MR imaging in our institute were included in this study. Among the total patients, we excluded patients who (1) lacked pathologic confirmation or failed to follow-up, (2) violated the MR protocol, or (3) had a previous history of appendectomy. The final diagnosis of each patient was determined through pathological confirmation or clinical followup. Patients who did not undergo surgery but showed symptom relief for at least 2 weeks were considered not to have acute appendicitis. Demographic data on age, gestational age, white blood cell count, and specific site of pain were collected for each patient through our electronic medical records. The study population in our study partially overlaps with our other previous study [7] . Whereas this study evaluated the diagnostic accuracy of MR imaging in pregnant patients with suspected appendicitis, our prior study evaluated the prevalence of a specific imaging finding without dealing with diagnostic performance in MR imaging of pregnant patients.
MR imaging acquisition
All MR images were acquired with a 1.5T MR scanner equipped with a 16-channel body coil (Intra Achieva, Philips Medical System, Best, Netherlands) in our institute. Field of view ranged from the inferior margin of the liver to the pelvic cavity. The MR sequence included breath hold axial, coronal, and sagittal SSH-TSE T2-weighted images without fat suppression (repetition time, 532-530 ms, echo time, 190 ms; matrix, 288x230; slice thickness, 3 mm; slice spacing, 3 mm, SENSE factor, 2; flip angle, 90°; scan time,; acquisition time 16 s x 3 for each sequence); respiratory triggered axial SSH-TSE T2-weighted images with fat suppression (repetition time, 452 ms, echo time, 80 ms; matrix, 288x230; slice thickness, 6 mm; slice spacing, 4 mm, SENSE factor, 2; flip angle, 90°); and breath-hold axial 3-dimensional gradient echo (3D GRE) T1-weighted images (repetition time, 4.25 ms, echo time 2.1 ms; matrix, 256x259; slice thickness, 4 mm; slice spacing, 2 mm, SENSE factor, 2; flip angle, 10°, acquisition time, 19.4 s). No oral or intravenous contrast agent was used during any scan.
Imaging analysis
Two gastrointestinal radiologists-blinded to patients' clinical and laboratory information, as well as pre-MR ultrasound images-with 9 years (Y.E.C., reviewer 1) and 2 years (C.S.A., reviewer 2) of experience in abdominal MR independently reviewed the images in three separate sessions. In the first session, the axial T2 SSH-TSE along with axial SSH-TSE T2 SSH-TSE with fat suppression images and T1 3D GRE images (set 1) were reviewed for each patient independently by the two radiologists. In the second session, images of the first session with an addition of coronal T2 SSH-TSE images (set 2) were reviewed. Finally, in the third session, images of the second session with an addition of sagittal T2 SSH-TSE images (set 3) were reviewed. An interval of at least one month was allowed between each review session to avoid recall bias. A picture archiving and communication system (Centricity, GE Healthcare) was used to review images of each patient.
For each session, both reviewers were asked to first record the degree of visualisation of the appendix on a 5-point grading scale (1: not identified, 2: less than half identified, 3, approximately half identified, 4: more than half identified, 5: well visualised). Second, the diagnostic confidence degree of appendicitis was recorded using a 5-point grading scale (1: no evidence of appendicitis, 2: probably not appendicitis, 3: intermediate probability of appendicitis, 4: probably appendicitis, 5: definite appendicitis). Lastly, if there was a diagnosis other than appendicitis, each reviewer was asked to provide a specific diagnosis; for each image in each session. Also the degree of confidence for the alternative diagnosis was recorded using the same 5-point grading scale. Imaging criteria for the diagnosis of acute appendicitis were (1) appendix diameter larger than 7 mm, (2) appendiceal wall thickening >3 mm, and (3) periappendiceal fat stranding or abscess formation [12, 21] . The diameter of the visualised appendix was measured by a third reviewer (S.I.A.).
Statistical analysis
Statistical analysis was performed separately in terms of (1) diagnostic performance of appendicitis and (2) diagnostic performance for other disease.
Independent sample t-test was used to compare the diameter of the appendix in patients with and without appendicitis. The estimated means for the scaled values of the degree of visualisation and the diagnostic confidence of appendicitis or other disease were calculated for each session and compared using the mixed model analysis. In cases where each reviewer assigned a value ≥4 in the diagnostic confidence scale, it was considered that the reviewer gave a diagnosis of appendicitis or other disease. Sensitivity, specificity, accuracy, PPV, and NPV for diagnosis were calculated for each session and for each reviewer. These parameters of diagnostic performance were compared through generalised estimating equation. Also, a receiver operating characteristic (ROC) curve for each reviewer in each session was drawn, and the area under the curve (AUC) was calculated and compared among sets using the Delong method.
All statistical analysis was performed by a biostatistician (H.S.L) using SAS (version 9.4, SAS Inc., Cary, NC, USA). A p-value less than 0.05 was considered statistically significant.
Results
Subjects
During the study period, 155 pregnant women underwent MR imaging for suspected appendicitis in our institute. Among these patients, nine met exclusion criteria of lacking both pathologic confirmation and clinical follow-up (n=8) or previous appendectomy (n=1). Eventually, 146 pregnant patients were included in our study (mean age, 31.0 ± 3.6 years; age range, 19-39 years). Among them, all 25 patients were eventually confirmed to have appendicitis through subsequent surgery and pathologic confirmation. Three patients underwent appendectomy, but showed no evidence of acute appendicitis on pathologic examination. Thus, the negative appendectomy rate was 10.7% (3/28). Among the 118 patients who were thought to have a normal appendix in MR imaging, 18 showed other causes of abdominal pain including ovarian torsion (n=5), enteritis (n=4), acute pyelonephritis (n=3), bowel obstruction (n=2), ureter stone (n=2), haemoperitoneum (n=1), and ectopic pregnancy (n=1). All five patients with suspected ovarian torsion were histopathologically confirmed by surgical detorsion with or without salphingoophrectomy in our institution. One patient who showed imaging findings of ectopic pregnancy was also confirmed through surgical intervention. The remaining cases received conservative care and were confirmed through review of laboratory, clinical, and imaging findings.
Appendicitis analysis
Visualisation of appendix
Visualisation score was significantly different among the three sets for both reviewers (both p<0.001). In post hoc analysis, the appendix was better visualised in set 2 and set 3 compared with set 1 for both reviewers (post hoc p<0.001; Fig. 1 ). There was no significant improvement in visualisation of appendix in set 3 compared with set 2 for reviewer 1 (p>0.999) ( Table 1) . Moreover, the visualisation score was significantly decreased by the addition of sagittal images-comparing set 3 with set 2-for the less experienced reviewer (reviewer 2, p=0.038). In subgroup analysis of normal appendix (n=121), the appendix was significantly better visualised in set 2 and set 3 compared with set 1 for both reviewers (all p<0.05) (appendix 1).
Diagnostic performance of acute appendicitis
Confidence of diagnosis for acute appendicitis was not significantly different among the three sets for both reviewers (p>0.05; Table 2 and Fig. 2) . Sensitivity, specificity, accuracy, positive predictive value, and negative predictive value for the diagnosis of acute appendicitis are summarised in Table 3 . There were no significant differences among the three sets for either reviewer (both p>0.05). In ROC curve analysis, the AUC values for set 1, set 2, and set 3 were 0.9967, 0.9970, and 0.9970, respectively, for reviewer 1 and 0.9317, 0.9440, and 0.9567 for reviewer 2. The diagnostic performance evaluated by ROC analysis showed no significant difference among sets for both reviewers.
Disease other than appendicitis
Among 18 patients who were given a diagnosis other than appendicitis, 16 and 10 patients were detected by reviewers 1 and 2, respectively, given the full set of axial, coronal, and sagittal images. Notably, no additional case was detected in set 3 compared with set 2 for both reviewers. One case of intestinal obstruction was additionally detected by reviewer 2 in set 2 compared with set 1. The missed two cases for reviewer 1 were a case of enteritis and a case of ureteric stone. The missed eight cases for reviewer 2 included two cases of torsion, two Fig. 1 MR images of a 32 -yearold pregnant woman with intrauterine pregnancy of 26 weeks. This patient showed negative finding on MR images and was subsequently confirmed through clinical follow-up. (a) The whole length-from orifice to tip-of the normal appendix (arrow) was well visualised in axial SSH-TSE T2-weighted images (single slice given in figure) . No periappendiceal infiltration is seen, suggesting a normal appendix. (b, c) In coronal and sagittal SSH-TSE T2-weighted images, the appendix is not well delineated amongst the gonadal vessels 
Confidence of diagnosis
The estimated mean of confidence showed a tendency to increase across sets 1 to 3. There was a significant difference among the three sets for reviewer 1 (p=0.041). On post hoc analysis, only set 3 showed a significantly higher value compared with set 1 (p=0.013). For reviewer 2, there was no significant difference in confidence of diagnosis among the three sets (p=0.051) ( Table 4) .
Diagnostic performance for other diseases
There was no significant difference in sensitivity, specificity, accuracy, PPV, or NPV among the three sets for both reviewers (all p>0.05; Table 5 ). Similarly, on ROC analysis (figures not included in this article), there was no significant difference in diagnostic performance among sets for reviewers In coronal SSH-TSE T2-weighted images, the large appendicolith is noted with wall thickening and oedema near the tip (arrowhead). Relatively normal appearing portion of the appendix (arrow) was noted in reference to the axial images. (e) In sagittal SSH-TSE T2-weighted images, the large appendicolith (arrow) is noted; however, the appendix is difficult to trace. No additional information was given in these two image sets in terms of diagnosing appendicitis. Reviewer 1 gave a confidence score of 5 for all three sets. Reviewer 2 gave a confidence score of 4 for all three sets 
Discussion
In this study, we investigated the diagnostic performance of MR imaging in pregnant women with suspected appendicitis. We conducted separate series of analyses first in terms of appendicitis and second for other diseases and determined whether there was a significant difference in diagnostic performance with reduced planar information by reviewing each image. Our results showed that addition of coronal and sagittal SSH-TSE T2WI to the MR appendicitis protocol did not improve confidence or accuracy for the diagnosis of acute appendicitis in pregnant women, although visualisation of appendix could be improved by adding coronal images. In terms of the diagnosis of disease other than appendicitis in pregnant women with suspected appendicitis, diagnostic performance was not improved for either reviewer by addition of coronal and sagittal T2WI, but confidence of diagnosis was improved (Fig. 3) . In a previous study that acquired all three planes of SSH-FSE T2WI, the sensitivity and specificity of appendicitis were reported to be 94% and 96% in the general population, respectively, and 89-100% and 93.6-99.2% in pregnant patients [9, 10, 20, 22] . These results are comparable to those of our study, showing sensitivity of 76-96% and specificity of 98.3-100% with tri-planar T2WI and sensitivity of 72-96% and specificity of 97.5-100% with only axial T2WI. Although diagnostic performance was slightly lower for the less experienced radiologist compared with the experienced radiologist, the diagnostic performance showed no compromise for either reviewer, even when the sagittal and coronal SSH-TSE T2-weighted images were excluded. From these results, if the on-call radiologist can diagnose appendicitis on axial SSH-TSE T2WI, either or both coronal and sagittal image acquisition may be omitted, resulting in the reduction of scanning time by several minutes with no deterioration in diagnostic performance.
Visualisation of the appendix was significantly improved after additional review of coronal images for both reviewers. However, it was noted that sagittal images had no significant visualisation benefit in comparisons between sets 2 and 3. Moreover, for the less experienced reviewer 2, they actually decreased the visualisation score. This might be due to lower familiarity with the sagittal images, which are not routinely reconstructed in CT and MR. This suggests that sagittal SSH-TSE T2-weighted images have no added benefit and can be omitted in routine MR appendicitis protocols.
The rate of an alternative diagnosis other than appendicitis in the general population with suspected acute appendicitis had previously been reported to be approximately 29.7-51.5% [12, 21] , which is higher than that of our study. This difference is probably caused by limiting the study population to pregnant patients, which might limit the possible disease spectrum due to the smaller age range, only female gender, and exclusion of patients with certain diseases by prenatal screening. Two previous studies have evaluated the overall diagnostic performance of MR in patients with suspected appendicitis, but the diagnostic performance of disease other than appendicitis was not presented separately [12, 21] . In our results, accuracy for diagnosis of disease other than acute appendicitis slightly increased by additional review of coronal and sagittal images but without statistical significance. The confidence scale of diagnosis was also increased without statistical significance, except between set 1 and set 3 for reviewer 1. One concern is that there was a large disparity in the sensitivity between more and less experienced radiologists for the diagnosis of disease other than acute appendicitis. This is likely due to the unfamiliarity of MR studies combined with insufficient clinical experience, especially for the diagnosis of disease that is relatively less frequently evaluated with MR. Hence, review by an experienced radiologist should be performed after the first or preliminary interpretation by a less experienced radiologist in pregnant patients with suspected acute appendicitis. Also, in our study, the second most common cause of pain in suspected appendicitis of pregnancy was ovarian torsion (5/146, 3.4%), which needs immediate attention because of the necessity for prompt surgical intervention. Two cases of ovarian torsion were overlooked by reviewer 2 regardless of the amount of planar information provided. Cautious inspection to rule out this disease entity is recommended for less experienced radiologists. Our study has several limitations. First, there might be an inherent bias due to the retrospective nature of the study. Second, not all of the diagnoses were confirmed by histological analysis. However, a reference standard was made by review of all of clinical information including laboratory results, relief of pain, and follow-up data by multiple experienced radiologists in consensus, and we assume that these final diagnoses were valid. Third, the use of different MR parameters among institutes, such as slice thickness or field of view, can also influence whether or not the sagittal plane should be excluded. However, the sagittal plane can be initially excluded and added later if needed. Lastly, fat saturated axial T2WI and 3D T1WI were reviewed in all imaging sets; therefore, the additional benefit of these sequences was not evaluated in this study.
In conclusion, if pregnant patients with suspected acute appendicitis suffer from breathlessness or abdominal pain during MRI, either sagittal only or both coronal and sagittal SSH-TSE T2-weighted sequences might be omitted without significant compromise of the diagnostic performance in evaluating acute abdomen of pregnancy. 
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Study subjects or cohorts overlap Some study subjects or cohorts have been previously reported in European Radiology (Manuscript number: EURA-D-16-01206R1). The study population has been expanded, including patient population from May 2008 to Sep 2015. The previous published study investigated the prevalence of a specific imaging finding representing the normal appendix. In contrast, this current study evaluates the overall diagnostic performance of MR imaging in terms of appendicitis and other diseases than appendicitis in varying degree of planar information. Previous study concentrates on a single imaging feature and draws its clinical implication while current study focuses on the diagnostic performance in terms of deducing the acquisition time.
Methodology
• retrospective • cross sectional study • performed at one institution
